The dramatic expansion of angiosperms during the Early Cretaceous was associated with major changes in the terrestrial ecosystem. There is also evidence for major changes in fresh water ecosystems during the same period. An early invasion of angiosperms into the aquatic realm is indicated by several whole plant occurrences (Sun et al. 2002; Friis et al. 2003; Mohr et al. 2008) , isolated Brasenia-like floating leaves (Saporta 1894; Taylor et al. 2008) , and flowers and seeds related to the Nymphaeales (Friis et al. 2009 (Friis et al. , 2011 . Heterosporangiate ferns with inferred aquatic habit also became established and proliferated markedly during the Early Cretaceous (e.g. Kovach & Batten 1989) . This expansion undoubtedly also affected the production and diversity of fresh water ecosystems. Preliminary studies indicate that aquatic angiosperms were more abundant in the Early Cretaceous, decreased in importance during the Late Cretaceous and underwent a new radiation event in the earliest Cenozoic with the establishment of many modern taxa (Friis et al. 2011) . Aquatic water ferns may have undergone a similar pattern with a major radiation in the Early Cretaceous, decrease in the Late Cretaceous and a turnover during the Paleocene (Collinson et al. 2013) . The full diversity and role of the Cretaceous aquatic flora in the changing ecosystems are, however, poorly understood.
In the Early Cretaceous mesofossil floras of Portugal, megaspores are sometimes abundant and diverse. Megaspores related to extant Isoetes L. and Selaginella P. Beauv. are particularly widespread, but there are also megaspores assignable to Arcellites Miner emend. Ellis et Tschudy and scattered occurrences of Molaspora Schmel emend. Hall, two extinct genera thought to be closely related to extant members of the heterosporous water fern family Marsileaceae (see references in Cúneo et al. 2013) . Both genera are restricted to the Cretaceous (Kovach & Batten 1989) and Arcellites had its maximum diversification during the latter part of the Early Cretaceous. In the Portuguese mesofossil floras, typical Arcellites megaspores bearing a long coneshaped acrolamella with six slightly twisted segments are currently known only from a single species from the Barremian-Aptian. This species is unusual among Arcellites megaspores in lacking body appendages. Other megaspores from Portugal that are or have been assigned to Arcellites are common in many of our mesofossil assemblages from the earliest Early Cretaceous (Berriasian-Hauterivian) of Portugal and include such taxa as Arcellites vectis (Hughes) Potter, Arcellites medusus (Dijkstra) Potter and Bohemisporites pyriformis (Dijkstra) Knobloch. They all lack the distinct acrolamellae and may not be closely related to Arcellites (for the systematic position of Bohemisporites, see Batten et al. 1996) .
Synchrotron radiation X-ray tomographic microscopy (SRXTM) has been successfully used previously in the study of megaspores (Slater et al. 2011; Collinson et al. 2013) . In the present study of the Barremian-Aptian Arcellites megaspores from Portugal, we apply SRXTM with increased resolution (pixel size 0.1625 μm), which gives better resolution of the stratification and three-dimensional (3D) distribution of structural elements of the megaspore wall, and thus, is a better basis for comparative and systematic analyses. The Portuguese megaspores are in grossmorphology, and in the lack of body appendages, closely similar to Arcellites rugosus Singh recorded from more or less contemporaneous (Barremian?-Aptian) sediments of Alberta, Canada (Singh 1964) . The Portuguese megaspores are, however, distinguished from Arcellites rugosus in details of the wall ultrastructure and a new species, Arcellites punctatus sp. nov., is, therefore, established for the Portuguese fossils.
Material and methods
The Arcellites megaspores described here are mainly from samples collected at the Torres Vedras locality (northeast of Forte de Forca, Portugal). At the time of collection, the locality was a large open clay pit close to the road from Torres Vedras to Sarge. The plant-bearing strata were later completely covered and destroyed by town development. Samples including the Arcellites megaspores are all from the lowermost part of the clay pit (Torres Vedras 38, 39, 40, 43, 46, 143, 144 ) and considered to be of Late Barremian-Early Aptian age (Friis et al. 2010 (Friis et al. , 2011 . The samples were collected close to each other, but are very different in general composition. In sample Torres Vedras 38, Arcellites cooccurs with a variety of other megaspores as well as few remains of angiosperms including a male inflorescence of a Hedyosmum-like plant. Sample Torres Vedras 39 includes predominantly coprolites with pollen and spores and isolated angiosperm stamens. Sample Torres Vedras 43 comprises a rich assemblage of angiosperm fruits and seeds as well a diversity of seeds related to the Bennettitales-Erdtmanithecales-Gnetales complex such as seeds of Tomcatia taylorii Friis, Pedersen et Crane, Quadrispermum parvum Friis, Pedersen et Crane and Ephedrispermum lusitasicum Rydin, Pedersen, Crane et Friis (Rydin et al. 2006; Friis et al. 2013) . Angiosperm remains include a number of nymphaealean seeds (Friis et al. 2010) as well as numerous other seeds, fruits and isolated stamens with pollen. Sample Torres Vedras 144 is dominated by a rich and abundant assemblage of megaspores, while other plant remains including angiosperms and conifers are subordinate. Rare oogonia of Characeae are also present and provide evidence of wetland environment. Single megaspores of Arcellites punctatus have also been recorded from the Catefica (sample Catefica 49) and Buarcos localities (sample Buarcos 157).
The fossils were extracted from the sediment samples by sieving in water. Adhering minerals were removed using 40% hydrogen fluoride (HF) and 10% hydrogen chloride (HCl). The acid treatment was followed by thoroughly rinsing in water and the organic residual was finally dried in air before being sorted under stereo-microscope.
Morphological details were studied using a Hitachi S-4300 field emission scanning electron microscope at 1-2 kV and internal details of the megaspore wall were studied by SRXTM at the TOMCAT beam line of the Swiss Light Source at the Paul Scherrer Institute, Villigen, Switzerland (Stampanoni et al. 2006) . Imaging was made at 10 keV using a sCMOS detector. For overview scans, a 20× objective with a 20 μm thick lutetium aluminum garnet:cerium (LAG:Ce) scintillator screen was used, resulting in an isotropic pixel size of 0.325 μm. Higher resolution datasets of selected areas were acquired with a 40× objective coupled to a 5.9 μm thick Lu 2 SiO 5 :terbium (LSO:Tb) scintillator screen. The pixel size in this case was 0.1625 μm 2 E. M. Friis et al. (Friis et al. 2014) . Typically, 1500 equiangular projections were recorded over 180°and then combined using dedicated reconstruction algorithms (Marone & Stampanoni 2012 ) to obtain a 3D volume. All datasets have been reconstructed uniquely exploiting absorption contrast and pure edge-enhancement. For few selected datasets, simple phase retrieval (Paganin et al. 2002) for boosting the contrast, e.g. between different layers has been performed. In this case, the high frequency component of the original data has been added to minimise loss in spatial resolution inherent in phase retrieval (Friis et al. In press) . Slice data from the SRXTM volumes were analysed and manipulated using the Avizo 6.3 software package for computed tomography. Volume rendering (voltex) provides transparent reconstructions whereas isosurface rendering provides surface reconstructions; both types were used either separately or combined to enhance structures of the megaspore wall. Differences in density of the megaspore wall are enhanced by applying variation in colour intensity to virtual sections consisting of several consecutive slices. Terminology used for describing Arcellites megaspores and wall structure varies considerably among authors particularly for the description of the layers of the megaspore wall. In this work, we have adapted neutral terms, but refer to terminology used in previous studies in the discussion section.
All specimens of Arcellites punctatus studied here are stored in the palaeobotanical collections of the Swedish Museum of Natural History, Stockholm, Sweden (S).
Systematic palynology

Order Salviniales Incertae familiae Genus Arcellites Miner emend. Ellis et Tschudy
Arcellites punctatus sp. nov.
(
Figures 1-5)
Derivation of specific epithet. -From the distinctive punctate, perforated wall ultrastructure.
Specific diagnosis. -Arcellites megaspore with prominent six-parted acrolamella. Megaspore trilete. Megaspore body spherical with an open, coarsely rugulate surface formed from broad, rounded ridges; outer megaspore wall smooth lacking body appendages. Segments of acrolamella laminar with membranous, crenulate or serrate outer margin. Megaspore wall over the megaspore body three-layered; inner layer thin, of even thickness; middle layer granularfibrous of uneven thickness causing the rugose surface pattern; outer layer solid, of more or less even thickness, perforated by short, narrow canals that extend almost to the middle layer. Canals straight, of uneven length and distribution with most canals in the valleys between and along the flanks of the rounded ridges; canals absent or scattered over the ridges. Acrolamella extends from outer layer. Microspores adhering to the acrolamellae are trilete with raised proximal region, more or less circular outline, and a psilate-perforate, sometimes faintly rugulate surface.
Dimensions. -Total length of megaspore body and acrolamella ranges typically between 450-650 μm (mean = 556 μm); diameter of megaspore body ranges between 250-350 μm (mean = 284 μm) and length of acrolamella between 250-400 μm (mean = 300 μm); 15 specimens were measured. A single megaspore falls outside the typical size range with total length being 300 μm, diameter of megaspore 200 μm, and length of acrolamella 190 μm. Microspores are about 40-45 μm in diameter.
Holotype designated here. -S170173 (from sample Torres Vedras 43); illustrated here in Figure 1A , 6A, B.
Paratypes designated here. -S170218, S170219, S171531-S171533, S174135-S174140 (sample Torres Vedras 38); S174141 (sample Torres Vedras 39); S174142 (sample Torres Vedras 40); S170169-S170172, S174097 (sample Torres Vedras 43); S174134 (sample Torres Vedras 46); S174133 (sample Torres Vedras 143); S174123-S174132 (sample Torres Vedras 144).
Other specimens. -S174143 (sample Catefica 49); S174096 (sample Buarcos 157).
Type locality. -Torres Vedras, Portugal (39°06′ 13″ N; 009°06′ 44″ W).
Type horizon and age. -Fluviatile cross-bedded sands with intercalated clay beds and darker organic rich horizons (Almargem Formation); Early Cretaceous (Late Barremian-Aptian).
Description. -About 100 isolated megaspores were discovered from the Torres Vedras mesofossil flora. Two additional specimens were discovered from the Buarcos mesofossil flora (sample Buarcos 157) and one specimen from the Catefica mesofossil flora (sample Catefica 49). The megaspores from Torres Vedras are typically three-dimensionally preserved, rarely fragmented and probably produced close to the depositional basin. Four specimens (S171531-S171533, S174096) were studied using SRXTM. The specimens from Buarcos and Catefica are Arcellites punctatus megaspore from Portugalflattened and with indication of wear, which may indicate reworking. The megaspores are trilete consisting of a spherical megaspore body and a prominent acrolamella that extends proximally from the megaspore body covering the trilete mark (Figures 1, 2) . In incident light, the megaspore body and inner folds of the acrolamella are dark brown and shiny while the lateral margins of the acrolamella segments are lighter, yellowish or brownish, and dull. Lateral view of megaspore with more or less spherical megaspore body and flame-shaped proximal acrolamella; megaspore body with broad, rounded ridges forming a rugulate pattern. A. Holotype (S170173, sample Torres Vedras 43). B. Megaspore with slightly twisted acrolamella (S170218, sample Torres Vedras 38). C. Megaspore with broad acrolamella and crenulate margins of acrolamella (S170172, sample Torres Vedras 43). D. Megaspore with indistinct ridges on the megaspore body and acrolamella with partly separate segments (S174128, sample Torres Vedras 144). E. Oblique view of fragmented megaspore with segments of acrolamella broken off showing top of megaspore with trilete mark (S174137, sample Torres Vedras 38). The megaspore body is smooth lacking body appendages, but has broad, rounded ridges that form an open rugulate pattern ( Figures 1A-E, 2A , B, 3A, B). The acrolamella is elongate and flameshaped formed from six segments that extend from the top of the megaspore body ( Figures 1A-E, 2A , B). The acrolamella is star-shaped in transverse section ( Figures 4A, 5A) ; each section is infolded, horseshoe-shaped in transverse section and with the two arms extending outwards. The segments are laminar with a membranous, crenulate or serrate outer margin that undulates longitudinally ( Figure  1A -D) and sometimes slightly twisted ( Figure 1B) . The crenulations are about 30 μm deep. Neighbouring segments are fused near the base and loosely adhering further up. In some specimens, the segments are partly ( Figure 1D ) or completely (not shown) separated. The trilete mark is simple with short arms (Figures 1F, 2B ).
The megaspore wall over the megaspore body is 16-26 μm thick consisting of three distinct layers ( Figures 3C, 4B-D, 5B-D) . The inner layer is of even thickness, about 4 μm thick over the whole of the megaspore body ( Figures 2B, 4B-D , 5B-D). It appears three-layered, but internal stratification is not clear. The middle layer is of uneven thickness, thicker under the ridges causing the rugose surface pattern ( Figures 4B-D, 5B-D) . It is about 4 μm thick in the valleys between the ridges and up to about 20 μm thick under the ridges. In SRXTM orthoslices, the middle layer appears densely granular ( Figure 4B-D) , but in 3D reconstructions combining voltex and isosurface rendering, the middle layer appears granular-fibrous ( Figure 5B-D) . The granular-fibrous nature of the middle layer is also observed with scanning electron microscopy (SEM) of fragmented specimens ( Figure 3C, D) . The outer layer is of more or less even thickness, up to about 10 μm thick. It is solid, but perforated by short, narrow canals that extend from the outer surface almost to the middle granular layer ( Figures 3C, 4B, C, 5C, D) . This perforation is seen as a dense punctation on the outer surface of the megaspore wall ( Figures 1F, 2C, D, 3A, B) . The canals are straight and of uneven length and distribution with a concentration in the valleys Arcellites punctatus megaspore from Portugalbetween the ridges and along the flanks of the ridges while canals are more scattered or absent over the ridges. This pattern is very clear in the 3D SRXTM reconstructions ( Figure 5B-E) , but the more scattered occurrence of the perforations can also be observed in SEM images of the megaspore surface ( Figures 3A, B) .
The acrolamella extends from the outer perforated layer ( Figures 2B, C, 4D ), while the middle and inner layers are not present in the acrolamella. Perforation is also dense in the segments of the acrolamella ( Figures 2B, C, 4A , 5A, 6A, B) where it is more or less evenly distributed in the inner parts, while finer or sometimes absent in the lateral, membranous margins (Figures 2B, 4A ).
Microspores occur adhering to the acrolamellae in all specimens studied using SEM and SRXTM ( Figures 1A-C, 2A, 4A, D, 5A, 6 ). The microspores are all of the same kind and most likely belong to the same species as the megaspores. They are typically flattened with a more or less circular outline, about 40-45 μm in diameter. The microspores are trilete and the trilete mark is raised in well-preserved specimens ( Figure 6C, D) , but in most microspores, it is collapsed ( Figure 6B ). The microspore wall adjacent to the trilete mark is somewhat crumpled or folded. The outer surface of the main microspore body is psilate-perforate, sometimes faintly rugulate, with scattered pores that are most conspicuous on the proximal face close to the trilete mark. The Portuguese megaspores are clearly assignable to the extinct genus Arcellites first established by Miner (1935) based on megaspores from the Late Cretaceous of Greenland. The type material was fragmentary and emendation of the diagnosis was later given based on more complete megaspores (Potter 1963; Ellis & Tschudy 1964) . The genus includes about 20 species characterised by their prominent, typically six-parted acrolamella, and most species have prominent appendages ornamenting the megaspore body (Li & Batten 1986; Batten & Kovach 1990; Batten et al. 1996; Nowak & Lupia 2004; Villar de Seoane & Archangelsky 2008) . Li and Batten (1986) grouped the species into four main types based on the presence or absence of body appendages and characters of the surface sculpture: 1, unsculptured; 2, rugulate; 3, with isolated or mainly isolated appendages; and 4, murornate to reticulate species with appendages at the junctions of the muri. The majority of species are of type 3 and 4, while type 1 and 2 include only a single species each, Arcellites nudus (Cookson et Dettmann) Potter and Arcellites rugosus, both species represented by only few specimens. Arcellites nudus is restricted to South Australia where it is reported from Albian deposits. It has an unsculptured megaspore body and is distinguished from the Portuguese megaspores in its slightly smaller size. Further, the megaspore wall is of even thickness over the entire spore body and lacks the broad ridges that Longitudinal section through the transitional zone between megaspore body and acrolamella; note that inner (i) and middle (m) layer are only present in the megaspore body and that the acrolamella is built of the outer layer (o); note also adhering microspore (ms). Scale bars -100 μm.
Arcellites punctatus megaspore from Portugal Figure 5 . High resolution SRXTM (pixel size 0.1625) of Arcellites punctatus sp. nov. from the Torres Vedras locality, Portugal (S171531, sample Torres Vedras 38); transverse slices in combined voltex and isosurface reconstructions with superimposed orthoslice (D). Images in A, C and E have been reconstructed using absorption contrast and pure edge-enhancement; images in B, D and F have been reconstructed using simple phase retrieval with the addition of the high frequency component of the original data to minimise loss in spatial resolution inherent in phase retrieval. A. Slice through the proximal part of acrolamella in about same area as shown in Figure 4A showing the perforated zone of the acrolamella wall; note that perforations are more or less evenly distributed, but smaller in the membranous margins; 8 E. M. Friis et al.
characterise the Portuguese megaspores (Cookson & Dettmann 1958; Potter 1963 ). Arcellites rugosus was described from cored sections of the Mannville Group (Barremian?-Aptian) of East-Central Alberta, Canada (Singh 1964) . It also has megaspores without body appendages and is characterised by broad irregular ridges that form a rugose pattern on the surface of the megaspore body very similar to that of the Portuguese megaspores. The pattern of the ridges is controlled by thickenings of the megaspore wall in the same way as seen for the Portuguese specimens. Megaspores of Arcellites rugosus are also in general shape closely similar to the Portuguese megaspores, but Arcellites rugosus differs from the ← note also two adhering microspores (ms) (consecutive slices: 480-520). B-F. Slices through the megaspore wall, approximately in the middle of the megaspore body, cut in different thicknesses and with varying colour intensities to enhance differences in the wall stratification; inner layer (i) of megaspore wall thin, middle layer (m) thick under the ridges and thinner in the valleys; outer layer (o) more solid seen as outer light green zone in (B) and grey outer zone in (D); outer zone is strongly perforated; the canals are best seen in (C) and (E; enlarged section of C); note the uneven distribution of the canals that are more densely packed in the valleys (C, E: arrowheads) and only scattered under the ridges (C, E: asterisk); B, F. consecutive slices: 350-400; C, E: consecutive slices: 350-380; D: consecutive slices: 350-400. Scale bars -100 μm (A-D, shown in A), 50 μm (E, F).
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Portuguese specimens in size and certain ultrastructural features. Mean total length of Arcellites rugosus is 625 μm (556 μm for the Portuguese specimens) and the total length of the Arcellites rugosus holotype is 670 μm, while the longest Portuguese specimen is 650 μm. Singh (1964) Batten (1995) , is also very similar to Arcellites rugosus, but this single megaspore has rounded swellings rather than ridges.
Microspores associated with Arcellites megaspores are generally assigned to the genus Crybelosporites Dettmann. Crybelosporites spores are described as trilete and proximally cavate with a reticulate, rugulate or foveolate surface (Dettmann 1963) . In only few cases are they psilate-punctate (Hueber 1982) as observed in the Portuguese fossils.
Wall structure in Arcellites
The wall structure of Arcellites has been variously described and interpreted, and there is no consensus regarding terminology (see Batten 2012) . Earlier studies were based on light microscopy alone, while later studies have included SEM examinations as well as studies of ultrathin sections using transmission electron microscopy (TEM) (e.g. Batten et al. 1996; Nowak & Lupia 2004) . Most studies show a three-layered wall of the megaspore body with a denser inner layer (intine of Batten et al. 1996 ; exine of Nowak & Lupia 2004) , a granular or fibrous middle layer (inner exoexine of Batten et al. 1996 ; inner perine of Nowak & Lupia 2004 ) and a granular outer layer (outer exoexine of Batten et al. 1996 ; outer perine of Nowak & Lupia 2004) . In Arcellites stellatus Nowak et Lupia, the inner layer is tripartite with a middle layer of channels lined to the inside and outside by a solid zone (Nowak & Lupia 2004) .
The resolution obtained using TEM is higher than that obtained with the high resolution SRXTM used here, but SRXTM does reveal the three-layered nature of the megaspore wall over the megaspore body and also shows the tripartite nature of the innermost layer. The SRXTM also reveals characters of the wall structure that are not easily detected by SEM and TEM. Most importantly, the distribution of the canals in the outer megaspore wall is clearly seen in SRXTM, both in the two-dimensional (2D) plan, but also the spatial distribution in 3D that cannot be observed in SEM or TEM. Our study clearly shows an uneven distribution of the canals with canals lacking almost completely under the ridges and densely packed in non-ridge areas. Also the length and density of the canals vary. This pattern is consistent in the four specimens that we have studied using SRXTM. It confirms that the ridges are a natural feature of the megaspore wall and not a result of crumpling due to preservation, but further studies of other species are needed to establish whether the distribution of the canals has further systematic implications.
Ecological implications
A prominent elongate acrolamella as known for the megaspores of Arcellites is unknown in extant megaspores. However, the Arcellites acrolamella is closely similar in general construction to the acrolamellae in the megaspores of extant Regnellidium Lindman and Pillularia L. In the megaspores of Regnellidium, Pillularia and the closely related extinct Molaspora, the acrolamella is also typically six-parted with more or less twisted segments, but the acrolamella is much shorter in these genera (e.g. Lupia et al. 2000; Cúneo et al. 2013) . Regnellidium and Pillularia are heterosporous aquatic ferns in the family Marsileaceae. Extant members of the Marsileaceae grow in periodically flooded areas, temporary ponds and swamps (Kramer 1990) . They are tiny plants with slender, often creeping rhizomes and leaves borne on slender petioles. Regnellidium and Marsilea L. have pinnate leaves with one or two pairs of closely spaced leaflets. The leaves may be completely submerged, floating or emerged. Very few vegetative parts of marsileaceous ferns have been recovered from the fossil record, but in a recent study, Cúneo et al. (2013) described Regnellidium rhizomes, roots, stems and leaves in association with megaspores of Molaspora and microspores of Crybelosporites. Marsileaceous leaves are also known from the Early Cretaceous of Australia (Nagalingum 2007) and Jordan (Hu et al. 2008) . The morphology of these fossils strongly suggests that Cretaceous marsileaceous ferns had a similar habit as their extant counterparts. There is no indication from the Early Cretaceous of a total floating habit and the aquatic ferns from this time interval may not have formed dense mats on lakes and streams as do the extant aquatic ferns of Azolla L. and Salvinia L. In the Torres Vedras assemblages, Arcellites punctatus co-occur with other megaspores including those of Molaspora lobata (Dijkstra) Hall that are also thought to be marsileaceous as well as oogonia of aquatic algae (Characeae). The assemblages also include several different kinds of nymphaealean seeds and other plant remains indicating a diverse wetland and aquatic flora in an otherwise more dry vegetation with cherolepidiaceous conifers and other plants with xeromorphic features.
Conclusion
The new species of megaspores, Arcellites punctatus sp. nov., described here from the Early Cretaceous of Portugal, is distinguished from most other Arcellites megaspores in lacking appendages on the megaspore body. Rare Arcellites megaspores without body appendages that in gross morphology are similar to the Portuguese fossils are reported previously from widely separate localities in Canada, China and Europe. It is interesting that these occurrences are more or less contemporaneous (Barremian-Aptian) with the Portuguese fossil. High resolution SRXTM has provided a wealth of details on megaspore wall structure and has been particularly important in reconstructing the 3D distribution of canals in the outer megaspore wall. The method allows a better differentiation of the stratification and 3D distribution of structural elements of the megaspore wall and thus a better basis for comparative and systematic analysis.
